Introduction

CD4
+ CD25 + Foxp3 + nT regs are potent suppressors of immune responses. Thus, the administration of ex vivo-expanded T regs to transplant recipients or in certain autoimmune diseases is considered an attractive approach to reducing dependence on immunosuppressive drugs and to promote or restore tolerance [1] [2] [3] [4] [5] . Indeed, the potential of T reg therapy has been shown in clinical trials of GvHD [6] [7] [8] , type 1 diabetes [9] , and a pilot trial for liver transplantation [10] . Current protocols use anti-CD3/ CD28 mAb to expand polyclonal T regs for therapy. However, these T regs can lose their suppressive potential as a result of unstable Foxp3 expression, and repeated, frequent administration may be required [11, 12] . Furthermore, such ex vivoexpanded T regs may convert into immune effector T cells [13, 14] . Efforts are being made to devise protocols for generation of a large number of T regs that retain their suppressive potential. The immunosuppressive serine/threonine protein kinase inhibitor rapamycin has been shown to enhance long-term persistence of the T reg phenotype in culture [15, 16] and to promote conversion of conventional T cells into iT regs [17] . However, instability of iT reg and the loss of Foxp3 expression can render them to become pathogenic Th cells [18] . Thus, it is important to develop methods that increase the in vivo stability and durability of nT reg phenotype and function, while maximizing their ex vivo expansion. Perisinusoidal HSCs that constitute ;10% of the entire liver cell population become activated to a potent fibrogenic and contractile myofibroblast-like phenotype during liver injury [19] . They perform several other critical functions, and several laboratories, including our own, have provided strong evidence for a prominent role of HSCs in hepatic inflammation, immune responses, and acute liver injury [20, 21] . HSCs are highly responsive to Gram-negative bacterial endotoxin (LPS) and modulate the immunologic microenvironment of the liver by producing numerous cytokines and chemokines [20, 21] . Thus, LPS-HSC interactions become important in hepatic inflammation and immune regulation in both liver disease and liver transplantation when portal and circulating LPS levels are elevated [22] . We showed previously that LPS-stimulated HSCs (LPS/HSC) are unique in their ability to expand allogeneic but not syngeneic nT regs in a contact-dependent manner and at the same time, enhance their in vivo stability and suppressor function [23] . In this study, we investigated mechanisms of LPS/HSC-induced nT reg expansion and enhanced function. We found that in addition to cell-cell contact, LPS-induced IDO1 in HSCs and consequent AhR signaling in nT regs are also critical to their expansion and superior immunosuppressive functions.
MATERIALS AND METHODS
Unless indicated otherwise, all chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). /J) mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
Animals
HSC isolation
HSCs were isolated essentially as described previously [23, 24] . In brief, livers were perfused in situ via the inferior vena cava with 30-40 ml Ca
2+
-free HBSS and digested by further perfusion with 30-40 ml HBSS containing collagenase type IV (0.25 mg/ml; Worthington Biochemical, Lakewood, NJ, USA) and protease (0.50 mg/ml; Sigma-Aldrich). The cells were dispersed, and the suspension was filtered through 100 mm nylon mesh. Following removal of hepatocytes and cell debris by low-speed centrifugation (50 g; 2 min), HSCs were purified by Histodenz density gradient centrifugation and suspended in DMEM containing 100 U/ml penicillin, 100 mg/ml streptomycin, 10% v/v FBS, and 10% v/v horse serum. Cells were seeded in gelatin-coated (0.1% in PBS) plates at a density of 0.5 3 10 6 /cm 2 . Loosely adherent HSCs were aspirated 20 min later and reseeded in new, 6-or 96-well, flat-bottom plates. Cells showing 95-98% purity, as assessed by desmin immunostaining and vitamin A autofluorescence (see Fig. 1 ) and by FACS analysis (LSRFortessa; BD Biosciences, San Jose, CA, USA) using anti-CD68 (KCs), anti-CD11b (KCs and DCs), and antiCD11c (DCs and NK cells) antibodies (AbD Serotec, Bio-Rad Laboratories, Hercules, CA, USA; and BioLegend, San Diego, CA, USA) [23, 24] , were used.
Immunofluorescence microscopy
To determine IDO expression, HSCs cultured on coverslips were fixed with 2% paraformaldehyde in PBS and permeabilized using 0.1% Triton X-100. Nonspecific binding was blocked with 2% BSA and cells incubated overnight with rat anti-mouse IDO1 antibody (BioLegend) and rabbit polyclonal anti-desmin antibody (Abcam, Cambridge, MA, USA). Goat anti-rat (Alexa Fluor 488; Cell Signaling Technology, Danvers, MA, USA) and goat anti-rabbit (Alexa Fluor 594; Thermo Fisher Scientific, Waltham, MA, USA) secondary antibodies were used to stain IDO1 and desmin, respectively, whereas nuclei were stained with DAPI (Vector Laboratories, Burlingame, CA, USA).
Measurement of IDO1 activity
IDO1 activity was measured by determining L-kynurenine concentration in culture supernatants, as described [25] . In brief, cells were cultured in DMEM containing 0.6 mM L-tryptophan (0.08 mM in basic medium) for 24-48 h, with or without LPS (100 ng/ml); 160 ml of the culture supernatants was mixed with 10 ml 30% trichloroacetic acid and incubated at 50°C for 30 min. After centrifugation (at 600 g for 10 min), 100 ml of the supernatant was mixed with freshly prepared Ehrlich's reagent [1.2% 4-(dimethylamino)benzaldehyde in glacial acetic acid] and incubated for 10 min, and the absorbance was determined at 492 nm. A linear curve developed with standard L-kynurenine was used to calculate L-kynurenine concentration in the medium.
T cell isolation and purification
A single-cell suspension of splenocytes of BALB/c mice was prepared using RBC lysing buffer (Lonza, Walkersville, MD, USA 
Coculture of HSCs with allogeneic CD4 + T cells
HSCs were treated with 270 mM gadolinium trichloride for 24 h to block the activity of contaminating KCs, if any, then washed, and stimulated with LPS (100 ng/ml) for 24 h. The cells were then washed and cocultured in fresh medium with CSFE-labeled, purified T regs or conventional CD4 + T cells (1:10) in the presence of polymyxin B (300 ng/ml) to block the direct effect of any residual LPS on CD4 + T cells [23] . At the end of coculture, T cells were aspirated (HSCs remained firmly attached to the plate), and their proliferation was measured by CFSE dilution assay by gating on CD4 + CD25 + T cells using FACSCanto (BD Biosciences). Data were analyzed with FlowJo 9.02 software.
IP and Western blotting
T cell homogenates, prepared in RIPA lysis buffer (Santa Cruz Biotechnology, Dallas, TX, USA), were first subjected to a preclearing step using protein A/G agarose (50 ml/ml; Pierce Biotechnology, Rockford, IL, USA). The homogenates were incubated with 5 mg/ml IP antibody [rat IgG2a anti-Foxp3 (eBioscience, San Diego, CA, USA) or control mouse IgG1 anti-AhR (Pierce Biotechnology)] overnight with constant gentle mixing and then for 2 h with protein A/G agarose (25 ml/ml). Following centrifugation, the protein A/G agarose slurry from each sample was washed twice with ice-cold RIPA lysis buffer and then with PBS, resuspended in Laemelli sample buffer, boiled, and centrifuged (14,000 rpm/ 1 min). The proteins were separated via SDS-PAGE and transferred onto polyvinylidene difluoride membranes. After blocking with 5% nonfat dry milk in PBS-Tween 20, the membranes were incubated with primary antibodies [(mouse anti-p300/CBP; mouse anti-Foxp3 and mouse anti-ubiquitin (eBioscience); and mouse anti-AhR (Pierce Biotechnology)]. Proteins were detected using ECL reagent (GE Life Sciences, Buckinghamshire, United Kingdom).
mRNA extraction and qRT-PCR Cellular RNA was extracted using TRIzol reagent (Thermo Fisher Scientific). cDNA was prepared using reverse transcription kits (Thermo Fisher Scientific) and expression of various genes determined using the SYBR Green kit and a 7300 real-time PCR machine (Thermo Fisher Scientific). Primer sequences are shown in Table 1 .
Quantification of cytokines
Cell-free supernatants were prepared to measure cytokine concentrations using mouse 20-plex Luminex beadset (BioSource International, San Diego, CA, USA) or ELISA kits from eBioscience.
Statistical analysis
Results are expressed as means 6 SD. Three independent HSC-nT reg coculture experiments, each in duplicate, were performed. Flow cytometrybased CSFE dilution assay was performed 3 times. Immunoblot analysis and protein-protein interactions were carried out 2 times from T reg pooled from 3 independent HSC-T reg cocultures. qRT-PCR and ELISA were performed using duplicate samples from 3 independent experiments. Statistical significance was determined using SigmaPlot 11 (Systat Software, San Jose, CA, USA) and one-way ANOVA and Student's t test. A P , 0.05 was considered statistically significant.
RESULTS
LPS stimulates IDO expression/activity in HSCs
The HSC preparation was highly pure, as assessed by vitamin A autofluorescence and desmin staining (Fig. 1A , upper left and right, respectively). As IDO1 is a critical regulator of T cell survival and function, we determined its expression and activity in LPS-treated HSCs. Dual immunostaining demonstrated constitutive expression of IDO1 by the desmin-positive HSCs (Fig. 1A) ; LPS stimulation increased IDO1 mRNA expression, which was apparent at 8 h and significant at 24 h (Fig. 1B) . LPSinduced IDO1 protein expression also increased strongly at 24 h and further at 48 h (Fig. 1B) . Incubation of HSCs with L-tryptophan showed modest IDO1 enzymatic activity; LPS induced a significant and robust increase in IDO1 activity at 24 and 48 h, respectively (Fig. 1C) . These results indicate that LPS enhances the potential immunoregulatory function of HSCs by increasing IDO1 activity.
IDO1-mediated AhR signaling regulates nT reg expansion
Next, we assessed whether HSC-expressed IDO1 is involved in nT reg expansion and function using cells purified as shown in Fig. 2A . As reported previously [23] , allogeneic nT reg expansion increased strongly upon coculture with LPS-prestimulated HSCs (LPS/HSC; Fig. 2B and C). Non-T regs , such as conventional CD4 T cells, do not respond the same way as T regs to unstimulated or LPS-pretreated HSCs; in fact, HSCs suppress activation of conventional T cells and induce their apoptosis [23] . LPS/HSCinduced nT reg proliferation was strongly attenuated upon pharmacological inhibition of IDO1 by 1MT ( Fig. 2B ) and when HSCs from IDO1 2/2 mice were used (Fig. 2C ). These results
suggest that in addition to the cell contact [23] , HSC-expressed IDO1-mediated metabolism of L-tryptophan also plays an essential role in nT reg expansion. Although IDO1 is known to regulate T reg expansion [26] , molecular mechanisms underlying this effect are not completely understood. As L-kynurenine is a natural ligand for AhR [27] , and activation of AhR regulates differentiation and proliferation of several cell types [28] , we investigated whether L-kynureninedependent AhR activation might be a mechanism of HSC-induced nT reg expansion. Indeed, an AhR-specific inhibitor (CH-223191) strongly inhibited LPS/HSC-induced but not anti-CD3/CD28-induced proliferation of nT regs (Fig. 2C) .
We then asked whether LPS/HSCs modulate AhR expression in nT regs , which aspirated from coculture with HSCs that are highly pure, as HSCs remain firmly attached to the culture plate. A robust increase in AhR expression was observed in nT regs cocultured with LPS/HSCs (Fig. 2D) . In contrast, anti-CD3/ CD28 beads did not stimulate AhR expression, demonstrating AhR independence of anti-CD3/CD28-induced nT reg expansion ( Fig. 2C and D) . Furthermore, LPS/HSC but not anti-CD3/CD28 increased the expression of the AhR target gene Cyp1b1 in nT regs , an effect that was blocked by CH-223191 (Fig. 2E) . Together, these data suggest that IDO1-mediated AhR activation in nT reg is required for their expansion by LPS/HSC.
As the magnitude of Foxp3 expression is a determinant of T reg function [1] [2] [3] [4] [5] [11] [12] [13] , whether LPS/HSCs also alter the Foxp3 expression in cocultured nT regs was determined. As shown in Fig. 3 , LPS/HSC increased Foxp3 mRNA, as well as protein expression in nT regs , and intracellular staining demonstrated expression of Foxp3 in the proliferating cells (Fig. 3C) . The up-regulation of LPS/HSC-induced Foxp3 expression was markedly attenuated by 1MT, indicating that both expansion of nT regs and increase in their Foxp3 expression are dependent on HSC-expressed IDO1.
To examine whether LPS/HSC-expanded T regs are superior compared with nonexpanded cells, we determined intracellular IL-10 in the 2 populations. Although IL-10 expression was greater in expanded than in nonexpanded cells, the increase was robust in both populations compared with control T regs and was reduced in 
the presence of 1MT (Fig. 3D) . These results indicate that T regs that have not yet proliferated were also modulated by LPS/HSCs and might be similarly superior immunosuppressors as the expanded T regs .
LPS/HSCs induce phosphorylation of Rb protein in nT regs via AhR
Phosphorylation of Rb protein has been shown to enhance cell-cycle progression from the G1 to S phase [29] , whereas interaction between p300/CBP and Rb protein have been implicated in AhR-mediated cell-cycle regulation [30] [31] [32] . Furthermore, p300 is potentially critical for the survival and suppressive function of T regs in vitro and in vivo [33] . We found that LPS/HSCs increased phosphorylation of Rb protein in nT regs , and this effect was markedly reduced in the presence of the AhR inhibitor (Fig. 4A) . To elucidate whether the interaction between p300 and AhR regulated nT reg expansion, IP assay was performed. However, interaction between AhR and p300 was identical in control nT regs and nT regs cocultured with LPS/HSCs (in the absence and presence of AhR inhibitor; Fig. 4B ), ruling out a role for this interaction in LPS/HSC-induced nT reg expansion.
The role of AhR in cytokine expression by LPS/HSC-nT reg coculture
Recent work from Gandhi and coworkers [20, 21, 34] has established that HSCs play an important role in hepatic inflammation and immunoregulation by producing numerous cytokines and chemokines. We have also reported bidirectional interaction between nT regs and HSCs in releasing several cytokines; LPS-induced TNF-a, IL-1b, and IL-6 synthesis by HSCs is inhibited, whereas that of IL-10 is increased upon coculture with T regs [23] . Here, we found that the already lower release of TNF-a, IL-1b, and IL-6 by LPS/HSC-nT reg cocultures compared with LPS/HSC alone [23] , as well as that of IL-10, was attenuated by the AhR inhibitor (Fig. 4C) . Concentrations of IFN-g, IL-4, and IL-17, the cytokines associated with T regs converted into pathogenic cells [18] , were below the lower limit of detection, indicating that nT regs retain their immunosuppressive phenotype. We also determined whether LPS-induced cytokine synthesis is influenced by AhR signaling in a separate experiment. As shown in Fig. 5 , AhR inhibition reduced the mRNA expression and protein release of IL-10, TNF-a, and IL-6; HSCs express TGF-b at a very low level, and its expression or release was not affected by LPS stimulation.
HSC/ IDO1 promotes acetylation of Foxp3 in nT regs
High and stable expression of Foxp3 is a critical requirement for the sustained, suppressive function of T regs , and loss of Foxp3 leads to their conversion to pathogenic cells [18] . Hyperacetylation of Foxp3 protein by interaction with lysine acetyltransferases prevents its polyubiquitination and proteosomal degradation and maintains a higher level of expression [35, 36] . As HSC-expanded nT regs are stable in vivo and in vitro [23] , we examined whether acetylation of lysine residues of the Foxp3 protein is a mechanism underlying their stability. An IP assay showed that unstimulated and LPS-prestimulated WT HSCs strongly increased interaction of protein acetyltransferase p300 with Foxp3, leading to the acetylation of lysine residues of Foxp3 in nT regs (Fig. 6A) . Although HSCs also appeared to increase Foxp3 ubiquitination, the magnitude of Foxp3 acetylation was much greater (0.3 6 0.1 and 0. 45 suppressive function by favoring Foxp3 acetylation and stability through increased acetylation [37] . We found markedly reduced interaction of HDAC6 with Foxp3 in T regs cocultured with LPS/ HSCs (Fig. 6B) , confirming the stability of T regs .
With the consideration of similar IDO1-dependent Foxp3 acetylation in nT regs by unstimulated and LPS-prestimulated HSCs, we measured HSC expression of IDO1 at the end of coculture (i.e., d 5). Interestingly, unlike after 24 h stimulation with LPS, when IDO1 expression in HSCs was greater than in unstimulated HSCs, unstimulated and LPS-prestimulated HSCs expressed similarly increased levels of IDO1 following coculture with nT regs (Fig. 6C) . These data and our earlier observationshowing down-regulation of the secretion of inflammatory cytokines by HSCs in the presence of nT regs [21] -support the concept of reverse signaling by T regs [38] .
As HSC-expanded nT regs display superior, suppressive potential than control or anti-CD3/CD28-expanded nT regs [23] , we examined the expression of immunosuppressive molecules by nT regs and its dependence on HSC-expressed IDO1. Levels of CTLA4, LAG3, and Ebi3 and IL-12a (that transcribe the IL-27b and IL-12a chains, respectively, of the immunosuppressive cytokine IL-35) all increased in nT regs cocultured with LPS/HSCs. These effects were IDO1 and AhR dependent, as demonstrated by their inhibition with 1MT and CH-223191 (Fig. 6D) .
Cryopreserved HSCs induce similar nT reg expansion and impart suppressive potential as quiescent HSCs
The above results are derived from experiments using primary culture of HSCs. Although ex vivo, HSC-expanded nT regs are potentially important for therapeutic use, a major limitation is the availability of human livers to obtain HSCs. However, HSCs can be cryopreserved and are ready to use when required. Therefore, we compared primary-cultured and cryopreserved (frozen after passage 2) mouse HSCs for their ability to expand nT regs and the suppressive potential of the expanded nT regs . As shown in Fig. 7A , LPS-pretreated, freshly isolated, as well as cryopreserved, HSCs increased the proliferation of nT regs similarly. When their suppressive potential was assessed, nT regs , expanded by both HSC phenotypes, were found to suppress the proliferation of effector CD4 + T cells similarly (Fig. 7B ).
DISCUSSION
We reported previously that the Helios + nT regs , expanded in coculture with control or LPS-prestimulated, allogeneic HSCs, are superior immune suppressors and more stable in vivo than anti-CD3/CD28-expanded nT regs [23] . As LPS levels are elevated following liver transplantation (until graft function is restored) [22] , it is plausible that an important mechanism of liver allograft tolerance might involve LPS/HSC-induced nT reg modulation. Whereas MHC II that is up-regulated by LPS is required for HSC-induced nT reg expansion [23] , the present study demonstrates that LPS-mediated, increased activity of IDO1 in HSCs also plays an important role in nT reg expansion, stability, and potency.
IDO1, an immunoregulatory enzyme that catabolizes Ltryptophan into L-kynurenine, is expressed by or induced in APCs, including DCs [26] . As reduced availability of L-tryptophan suppresses survival/expansion of conventional T cells but not T regs [39, 40] , HSCs may play an important role in immunologic tolerance. DCs and other APCs have been shown to induce the activity [26] . In addition, APCs expressing IDO1, in conjunction with TCR stimuli, have been shown to activate Foxp3 + T regs directly and promote their immunosuppressive function [26] . We found that increased IDO1 in LPS-stimulated HSCs was associated not only with expansion but also with a strong increase in Foxp3 expression in cocultured, alloreactive nT regs . Furthermore, 1MT inhibited LPS/HSC-induced nT reg expansion and also reduced Foxp3 expression in cocultured nT regs . These findings emphasize that HSC-expressed IDO1 may be very critical to the liver's immunologic tolerance.
It is apparent that the mechanisms of HSC-expressed, IDO1-dependent expansion of nT regs may involve a role of L-kynurenine, a natural ligand for an intracellular signaling molecule AhR [27] . The ligand-AhR complex binds to specific response elements close to the promoters of target genes following translocation to the nucleus; CH-223191 has been shown to block 2,3,7,8-tetrachlorodibenzo-p-dioxin-mediated nuclear translocation and DNA binding of AhR [41] . Of the genes under regulation of AhR signaling, Cyp1a1 and Cyp1b1 have been well characterized [42] . Thus, increased expression of AhR in nT regs cocultured with LPS/HSC and inhibition of LPS/ HSC-induced expansion, as well as increased expression of Cyp1b1 in nT regs by CH-223191, suggest that HSC-induced AhR signaling is required for nT reg expansion and function.
Our previous work demonstrated a strong reciprocal interaction between LPS/HSCs and nT regs in producing inflammatory cytokines; HSCs produced significantly greater amounts of IL-1b, IL-6, TNF-a, and IL-10 upon stimulation with LPS, and nT regs inhibited production of all but IL-10, which increased further in coculture [23] . As IL-6 has been shown to protect suppression of conventional CD4 + T cells by T regs [43] , inhibition of LPS-induced IL-6 production in HSCs by T regs may be a component of the mechanism of tolerance. Interestingly, CH-223191 strongly attenuated the secretion of IL-10, IL-1b, and IL-6 and to a lesser extent, that of TNF-a released in the LPS/ HSC-T reg coculture. Whereas the role of AhR in IL-10 expression has been shown, its involvement in IL-1b, IL-6, and TNF-a synthesis was unexpected. As HSCs express AhR [34] , and LPSinduced cytokine synthesis in HSCs was found to be regulated by p38-MAPK and NF-kB activation [44] , it is possible that a crosstalk between AhR and MAPK/NF-kB signaling may play an important role in cytokine production by HSCs. Indeed, in monoculture, CH-223191 inhibited LPS-induced mRNA expression and the release of IL-10, TNF-a, and IL-6 by HSCs (Fig. 5) . These data are supported by the reports showing the interaction of AhR with NF-kB through the p65/RelA subunit in human breast cancer MCF-7 cells [45] . Furthermore, activation of protein kinase B/AKT, ERK1, MAPK, and Rac-1 is lower in AhR null cells, and its involvement in JNK-MAPK activation has already been postulated.
As a result of the adverse short-and long-term effects of pharmacologic immunosuppressive agents, adoptive T reg therapy is considered potentially important to treat chronic, immunemediated inflammatory disorders, including transplant rejection.
However, in vivo instability of infused T regs , as well as their conversion to effector T cells under inflammatory conditions, is a potential limitation of this approach. Our data show that LPS/ HSCs impart stability to cocultured nT regs by increasing Foxp3 expression and its acetylation in an IDO1-dependent manner. ) in 6-well plates were incubated in serum-free condition with 100 ng/ml LPS 6 3 mM AhR inhibitor CH-223191 (added 1 h before LPS). After 24 h (A), cellular mRNA expression of cytokines was determined, and (B) cytokines in culture supernatant were measured by ELISA. *P , 0.05; **P , 0.005; ***P , 0.0005.
The HSC/IDO-nT reg /AhR axis was also found to be an integral part of the superior suppressive function of nT regs , as evidenced by the inhibition of nT reg -expressed CTLA4, LAG3, as well as Ebi3 and IL12a by both 1MT and CH-223191. Furthermore, strongly increased IL-10 expression by LPS/HSC-expanded and nonexpanded T regs indicates that the as-yet non expanded T regs are also modulated to be superior in their immunosuppressive function. An interesting aspect of the bidirectional interactions between the 2 cell types is that nT regs increase IDO1 expression in HSCs during coculture. As HSCs were found to interact closely with nT regs following coldischemic storage and reperfusion [23] and the presence of .50% of Foxp3 + T regs in close proximity to HSCs following liver allograft transplantation in mice [21] , it can be postulated that LPS-and/or nT reg -induced increases in IDO1 in HSCs may be important mechanisms underlying the liver's immunologic tolerance.
Purified HSCs were shown to cause Foxp3 induction in naïve CD4 + T cells in the presence of exogenous TGF-b and required HSC-released all-trans retinoic acid [46, 47] . HSCs, as well as nT regs used in the present investigation, were highly pure, and T regs expanded by HSCs are exclusively nT regs and not iT regs , as assessed by their Helios expression [23] . Furthermore, expression of TGF-b in HSCs is very low, and it is not stimulated by LPS [34, 48] (Fig. 5) . Together, these data exemplify the importance of HSCs in the liver's immunologic tolerance by inducing T reg formation [46, 47] , as well as by expanding nT regs with superior suppressor function (ref. [ 23] and the present study). The ability of HSCs to suppress CD4 + CD25 2 effector T cells and also cause their apoptosis [21, 49] separates them from KCs, endothelial cells, and hepatocytes that induce their proliferation [50] . Another point to note is that KCs lose their ability to expand T regs upon stimulation with LPS, and their suppressor function is also reduced, which may be a result of IL-6 released by LPS-stimulated KCs [43, 50] . In contrast, nT regs inhibit IL-6 release by LPS/ HSCs, and LPS/HSCs cause increased expansion of nT regs compared with unstimulated HSCs [23] .
HSCs express MHC II at a very low level, which is up-regulated upon stimulation with LPS [23] or IFN-g [46, 49, 51] . LPS/ HSC-induced expansion of allogeneic nT regs was found to be dependent on MHC II, and soluble mediators alone from control or LPS-stimulated HSCs failed to expand nT regs [23] . However, the results of the present study indicate that both stimuli act in concert to cause nT reg expansion. Whereas the HSC/IDO1-induced AhR signaling is critical, which signal(s) are generated by HSC-MHC II in nT regs to cause nT reg expansion remain to be determined. In this regard, MHC II-TCR ligation has been shown to induce several signaling pathways, including MAPKs (MEK1/2 and ERK1/2), Ca 2+ mobilization, protein kinase C, tyrosine kinases, and NFATs [52] . Furthermore, evidence indicates that MHC II-mediated self-antigen presentation by DCs induces T reg proliferation (ref. [53] and references therein), and such a pathway could very well be involved in HSC-induced T reg expansion.
Finally, our data demonstrate that passaged and cryopreserved HSCs are not only similarly effective in expanding nT regs as HSCs in primary culture, but the nT regs expanded by both phenotypes elicit similarly superior T cell suppression. In these and our previously reported [23] experiments, HSCs and T regs were cocultured at a 1:10 ratio. After 5 d of coculture of 0.1 3 10 6 HSCs with 1 3 10 6 T regs , ;8 3 10 6 T regs were generated, as determined by cell counting. Clinically, e.g., in treatment of GvHD, 1 3 10 5 T regs /kg body weight of ex vivo-expanded human T regs are adoptively transferred [6] . From our experience, 1 g liver yields ;2 3 10 6 HSCs. Therefore, a human liver (1.2-1.5 kg)
can be estimated to yield 2.5 3 10 9 HSCs. As HSCs proliferate extensively upon coculture, an exponentially large number can be cryopreserved and made available to obtain an adequate number of T regs for clinical use. It is important to note that IDO-expressing DCs also impart superior immunosuppressive potential to T regs [26, 54] . Although a direct comparison between HSCs and DCs in providing T regs with superior suppressive function is highly interesting and awaits future investigation, the limitation concerning the unavailability of the liver to isolate HSCs when required to obtain HSC-expanded T regs can be overcome by using cryopreserved HSCs as an important source for T reg expansion for a therapeutic purpose. 
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